THE INFLUENCE of respiration on ve-
nous return to the heart has been the subject of numerous studies. [1] [2] [3] [4] [5] In the dog, the act of inspiration is associated with an increase in venous return, and there is indirect evidence that the same is true in normal man also. We have investigated this relationship in man, by cineangiography of the inferior vena cava. In most cases, flow from abdominal to thoracic inferior vena cava (IVC) was continuous and was obviously greater during inspiration. However, in some patients characterized by gross hyperinflation of the lungs, the pattern of flow at the level of the diaphragm was completely different, being maximal in expiration and much reduced or completely arrested during inspiration. This communication reports our observations and some attempts to elucidate the mechanism and hemodynamic significance of this phenomenon.
Methods
We studied 15 patients with pulmonary emphysema. Results obtained in 10 subjects without heart failure or pulmonary disease (although three had minor cardiac abnormalities) were used for comparison; these subjects will be referred to as "controls." Clinical, roentgenological, and electrocardiographic data on the 15 patients are given in table 1 . There were 10 males and five females, aged 31 to 68 years. Heart size was normal or less than normal in 11. Electrocardiograms showed right axis deviation in eight, and abnormally large peaked P waves in five. Ten were receiving digitalis therapy.
Results of pulmonary function tests, obtained by methods described elsewhere,6 are shown in table 2. Vital capacity (VC) was reduced in all cases (31 to 70% of predicted value), and functional residual capacity (FRC) was greater than 120% of predicted value in eight. Both maximal midexpiratory flow rate (MMFR) and CO diffusing capacity (DLCo) were reduced in all cases.
Right heart catheterization (table 3) was performed without sedation with the subjects in the supine position 1 hour after a light breakfast. A 7-F end-hole catheter was passed to the pulmonary artery via an arm vein, and a 7-F Rodrlguez-Alvarez catheter with lateral holes 1 cm from the tip was introduced into the IVC via a second superficial arm vein. Arterial pressures and samples were recorded from a Cournand needle in the brachial artery. Cardiac output was measured by the direct Fick method in 12 cases and by dye-dilution technique in three. Oxygen saturation was determined by the spectrophotometric technique of Nahas,7 and blood P"102 and pH by the method of Astrup.8 All pressures were measured by P23-Dh Statham transducers and referred to atmospheric pressure, with the zero level 5 cm below the plane of the sternum at the junction of the second rib. Mean, mean inspiratory, and mean expiratory right atrial (RA) pressures were measured by planimetry of several representative breaths and then averaged. Mean pulmonary artery (PA) and wedge pressures were measured by electrical integration.
Pulmonary wedge pressure at rest was normal in every case. The PA mean pressure was less than 20 mm Hg in seven patients; RA mean pressure was increased in only two, both of whom were considered to be in right heart failure. In three cases the resting cardiac index was less than 2.5 L/min/m2. Arterial oxygen saturation varied between 69.0 and 94.5%, and arterial P,c,, between 36 and 68 mm Hg.
Cineangiography was performed by injection of 20 to 40 ml of an 85% solution of diatrizoate methylglucamine (Cardiografin) into the lower portion of the IVC near its bifurcation. The camera was centered on the diaphragmatic portion of the IVC, and film was exposed at 48 frames per second during 2 to 3 spontaneous respirations. In some cases cineangiography was synchronized Circulation, Voluoze XXXIII, January 1966 with pressure recordings by an electrical signal, which yielded a more precise temporal correlation between pressures and angiograms.
Gastric pressure was measured by passing a balloon, 10 cm in length, into the stomach. Pressures were recorded simultaneously in the inferior vena cava and stomach in 10 cases, and esophageal pressure was measured, as described by Milic-Emili and associates,9' 10 in four. The undamped natural frequency of the fluid-filled cath-eter-transducer system was 27 cycles per second. and the damping ratio was 0.37. Equivalent values for the air-filled balloon-transducer system were 28 cycles per second and 0.42.
The transmural pressure of the abdominal vena cava and right atrium is the difference between the pressure within these vascular sites and that surrounding them (abdominal and thoracic pressures). Because of the difficulty of comparing airfilled and water-filled pressure systems, and be- cause of the possible influence of gastric and esophageal tone, we were not able to measure absolute transmural pressures. However, the absolute pressures within the inferior vena cava and right atrium were known, and the change in transmural pressure during respiration could be derived by relating it to simultaneous change in gastric or esophageal pressure.
Results and Discussion

Cineangiography
In the controls, and in nine patients with pulmonary emphysema (cases 7 to 15), there was continuous flow from abdominal to thoracic IVC throughout the respiratory cycle. During inspiration the flow invariably was greater, though often the IVC was narrowed at the level of the diaphragm and 4 to 5 cm distally. The abdominal vena cava was rapidly cleared of radiopaque material. The two patients who were considered to be in right heart failure (cases 9 and 12) also showed continuous flow throughout respiration, with an inspiratory increase, but the IVC was more dilated, clearance of the radiopaque material was retarded, and the hepatic veins remained filled for several breaths following the injection.
In six emphysematous patients, however, the period of maximal flow was in expiration rather than in inspiration (cases to 6). Frequently there was complete arrest of the upward movement of dye in the inferior vena cava throughout inspiration, and in these cases forward flow could be detected only during expiration. Figure 1 shows selected single frames from a cineangiogram of such a case (case 3). Selected frames of cineangiogram of inferior vena cava (IVC) in case 3. Left (expiration): The diaphragm (interrupted line) is high. There is continuous flow from vena cava to right atrium (RA); the latter is well filled with contrast medium. Right (inspiration): Flow is held up at the level of the diaphragm; dye is still present in the right atrium but the intrathoracic vena cava has been cleared. As pointed out by Duomarco and Rimini,"' the rate of flow through a collapsible tube (-such as the IVC) which passes suddenly from a zone of high ambient pressure (for example, the abdomen) to a zone of lower ambient pressure (for example, the thorax), can be best understood by comparison with a waterfall. If the fall is eliminated by elevation of its foot, flow will be reduced or eliminated: this occurs during forced expiration, when thoracic pressure may rise above abdominal pressure. If the foot of the fall is then lowered, as during inspiration, the flow rate will increase until the fall is restored; but further lowering will not increase flow, which will remain constant. The general validity of this model is supported by studies such as those of Holt,'2 Brecher,2 and Guyton and his co-workers,4' 5and the behavior of the "vascular waterfall" has been admirably analyzed by Permutt and Riley.13 According to this concept, flow should be least in expiration, when thoracic pressure rises almost to abdominal pressure, and may be temporarily reversed if high expiratory pressures are developed: we have frequently observed this, both in normal subjects and in patients with emphysema when they performed forced expiratory maneuvers. During inspiration, as thoracic pressure falls, flow should increase initially and then should be maintained without further increase however great the subsequent fall in intrathoracic pressure. If the IVC behaves like the collapsible tube proposed in this model, further increase in flow should be limited by narrowing of the end of the vena cava closer to the diaphragm.
A zone of collapse, the "flow-limiting segment," was apparent both in the control subjects and in the patients during inspiration and became more noticeable during forced inspiration. Despite this, in the control subjects and in nine of the patients (cases 7 to 15), flow obviously continued at a high velocity. Thus, these changes were consistent with the proposed model. In the six patients (cases 1 to 6) in whom flow was reduced during inspiration, however, the appearance Circulation, Volume XXXIII, January 1966 was very different. The zone of narrowing during inspiration was still present, but, although this zone did not extend further downward into the abdomen and the cava appeared well-filled more distally, flow was greatly retarded or completely arrested. This appearance is not consistent with the "waterfall" concept. Flow was not merely limited at a high value but was reduced or arrested completely, an observation that suggests that there was obstruction at the level of the diaphragm and that blood was actually dammed back in the abdominal vena cava during inspiration. This is supported by the pressure recordings.
Vena Caval and Right Atrial Pressures
In the control subjects the pressure in the IVC was little changed during quiet respiration. Inspiration was associated with an increase in gastric pressure, and the transmural pressure of the IVC was diminished ( fig. 2 ). This is consistent with the angiocardiographic appearance and indicates that inspiration in normal subjects causes relative emptying of the IVC and refilling during expiration. At the same time, RA transmural pressure increased during inspiration; this indicates that the right heart was better filled at this time ( fig. 3 ). Transmural pressure was measured in seven of the nine patients in whom angiography had revealed normal caval flow; it showed changes in pressure similar to those of the control sub-Isec. jects. Inspiration reduced caval distention ( fig. 4 ) and caused the right atrium to become more distended ( fig. 5 ).
Transmural pressures were measured in three of the six patients whose angiograms showed reduction in caval flow during inspiration, and here the results were very different. In these patients the transmural IVC pressure increased ( fig. 6) 
Figure 5
Same patient as in figure 4, showing an increase in right atrial transmural pressure during inspiration. Note that during expiration the gradient from vena cava to right atrium is reversed.
spiration, changes which indicate distention of the vena cava and emptying of the right atrium, respectively, at this time. Before one concludes that these changes are not consistent with the simple "waterfall" model, the influence of changing abdominal pressure must be considered. Elevation of abdominal pressure should cause reduction in flow through the vena cava under steadystate conditions. We have examined the respiratory changes in gastric pressure to see whether they might explain the flow changes that we observed.
Gastric Pressure
In normal subjects inspiration was accompanied by an increase in gastric pressure, as reported by Campbell and Green,'4 15 and a similar change was observed in six of the 10 patients with emphysema in whom gastric pressure was measured (table 4). In four (cases 5, 11, 13, and 14), however, the pressures were reversed, inspiration being accompanied by a reduction in gastric pressure. Reversal of the normal phasic changes in abdominal pressure with respiration has been previously observed in patients with emphysema.'6 However, in our studies, the pattern of venous return appeared to bear no relationship to the fluctuations in gastric pressure, and inspiratory reduction in flow was associated with normal (cases 4 and 6) and abnormal (case 5) fluctuations in gastric pressure.
Mechanism of Abnormal Caval Flow
The cause of the abnormal pattern of caval flow observed in six patients with obstructive airway disease (cases 1 to 6) is not clear. It was considered that the abnormally low inspiratory pressures (table 4) might be the cause; therefore, we added a fixed resistance of 12 cm H20 to the inspiratory arm of the airway in four normal subjects and observed caval flow and pressures. This maneuver did not cause any abnormality ( fig. 8 ): as in nor-Circulation, Volume XXXIII, January 1966 mal breathing, transmural IVC pressure decreased during inspiration and transmural RA pressure was greater at that time. Furthermore, we observed no inspiratory reduction in caval flow in a patient with restrictive pulmonary disease and chronic pleural thickening who developed markedly negative intrathoracic pressures during each inspiration.
Inspiratory reduction in caval flow could not be related to the unusually high expiratory pressures manifested by some of these patients, since this would have tended only to reduce blood flow into the thorax during expiration. Indeed, it seems possible that in some patients the phenomenon of inspiratory reduction in caval flow may have been obscured by the reversal of the IVC to RA gradient which sometimes developed during expiration. An example of this is shown in figure 5 (case 14), where it can be seen that RA pressure exceeded IVC pressure throughout most of the expiratory cycle when this recording was made.
It seems most likely that the observed reduction in flow during inspiration is related to severe hyperinflation of the lungs. This is not (table 2) , which reflect only the volume of lung to which helium gains access during the test period. However, in each patient in whom abnormal caval flow was observed a roentgenogram revealed gross pulmonary hyperinflation with a depressed diaphragm. It is possible that the vena caval obstruction during inspiration may have been the result of abnormal diaphragmatic action or abnormal kinking of the IVC in the region of the liver. No such mechanism could be seen in the anteroposterior cineangiographic films.
Hemodynamic Significance
It is of interest to consider whether the phenomenon we observed is merely an interesting oddity or has hemodynamic significance. Apart from the patients who were considered to be in heart failure (cases 9 and 12), mean RA pressure was 2.1 mm Hg or less in every case (table 4) . During inspiration, however, the mean gradient from IVC to RA was often considerable, exceeding 8 mm Hg in four of the six patients with abnormal flow pattern. Maximal flow occurred during expiration in these subjects, and presumably because of this the gradient from vena cava to atrium was often considerable during the expiratory phase also. Thus, although mean RA pressures were within the normal range, mean IVC pressures tended to be elevated.
The influence of posture and exercise on caval flow and pressure has not been measured. In patients with pulmonary emphysema, any light exertion may initiate great respiratory effort and intrathoracic pressure may become markedly elevated during expiration. If upward flow in the vena cava can occur only during expiration, when intrathoracic pressure is high, and not during inspiration, during exercise the mean IVC pressure may become considerably elevated and may reach values higher than were recorded by us in these patients at rest. Indeed, it is possible that this may be the mechanism of production of the peripheral edema in patients with emphysema without associated pulmonary hypertension or cardiomegaly that was observed Circulation, Volume XXXHII, January 1966 by Campbell and Short'7 and was evident in four of our 15 patients.
Though not of clinical importance, the influence of respiration on the width of splitting of the second heart sound is of some interest. Inspiration normally is accompanied by an increase in the interval between the two components of the second sound, presumably the result of better right ventricular filling and increased stroke volume. If flow through the vena cava and filling of the right ventricle were reduced during inspiration, as in cases 1 to 6, one would expect the normal inspiratory increase in second-sound interval to be abolished. In subjects with pulmonary hyperinflation, it is difficult to auscultate and record sounds over the base of the heart, but in cases 4 and 5 phonocardiography revealed that the gap! between aortic and pulmonary components was clearly reduced during inspiration. By contrast, in cases 9, 12, 13 and 14, in which caval flow was maximal during inspiration (as in normal subjects), splitting of the second sound was increased during inspiration.
Summary
The influence of respiration on the flow of blood from the abdominal vena cava into the thorax was studied in 15 patients with pulmonary emphysema and in 10 control subjects without thoracic disease or heart failure. In control subjects, during quiet breathing blood flowed into the thorax throughout the respiratory cycle at a rate which was greatest during inspiration. Simultaneously the transmural pressure of the abdominal vena cava fell and transmural right atrial pressure increased. The same pattern of flow was observed in nine of the patients with emphysema. In the other six patients, however, flow was greatly reduced or completely arrested during inspiration, with simultaneous increase in transmural caval pressure and reduction in transmural atrial pressure. This inspiratory obstruction at the thoracic inlet was associated with gross hyperinflation of the lungs and a low diaphragmatic position. It probably was not the result of the high negative and positive intrathoracic pressures that develop dur-ing inspiration and expiration, respectively, in such subjects.
It is possible that this phenomenon may account for the peripheral edema that occurs in patients who have emphysema without associated pulmonary hypertension or cardiomegaly.
